1978. -The autoradiographic diffusible tracer technique for the measurement of local cerebral blood flow was originally designed for use with the radioactive, inert gas ':"I-labeled trifluoroiodomethane and is applicable only with tracers that exhibit unrestricted diffusion through the blood-brain barrier.
Because of the technical problems associated with the use of gaseous tracers, a suitable nonvolatile tracer has been sought. [W IAntipyrine has been used previously and found to be unsuitable because of limitations in its diffusion through the blood-brain barrier. An analogue of 1 ','C Jantipyrine, iodol '-'C Jantipyrine, exhibits higher partition coefficients than 1 l-'C Jantipyrine between nonpolar solvents and water and might, therefore, be expected to diffuse more freely through the barrier. Its use as the tracer in the local blood flow technique leads to values considerably above those obtained with I W)antipyrine in the rat and cat and essentially the same as those obtained with the gas trifluoro) 'Y liodomethane in the cat. Iodol '% lantipyrine appears, therefore, to be a satisfactory nonvolatile tracer for the measurement of local cerebral blood flow. cerebral circulation; brain; 1 W lantipyrine A METHOD for the quantitative determination of the rates of blood flow in the discrete structural components of the brain was first reported by Kety and his associates (5, 9, 11) more than 20 years ago. The method is based on the following equation derived by Kety (8, 9) on the basis of the principles of inert gas exchange between blood and tissues previously developed by him:
where Ci( T) equals the ti ssue concentration of the chemically inert diffusible tracer in a homogeneous tissue at a given time, T, after the introduction of the tracer into the circulation; h equals the tissue:blood partition coefficient; (2% is the -concentration of the tracer in the arterial blood; t equals the variable, time; and K equals a constant that incorporates within it the rate of blood flow in the tissue. 
The constant K is defined as follows (8):
where F/W equals the rate of blood flow per unit mass of tissue and m equals a constant between 0 and 1 that represents the extent to which diffusion equilibrium between blood and tissue is achieved during passage from the arterial to the venous end of the capillary. In the absence of diffusion limitations or arteriovenous shunts, m = 1 and becomes inconsequential in the relationship between K and the perfusion rate of the tissue. The rate of blood flow can then be determined from the value for K calculated by equation 1 from measured values of the tracer concentration in the tissue at a given time following the onset of circulation of the tracer, the history of the arterial concentration of the tracer, and the tissue:blood partition coefficient.
There are no arteriovenous shunts in brain (5, 91, but the blood-brain barrier imposes limitations on the exchange of most substances between blood and cerebral tissues. To ensure unrestricted diffusion and thus achieve a value for m as close to I as possible, the method was originally conceived and designed for use with an inert gas. A radioactive, inert gas, Y-labeled trifluoroiodomethane (I ':"I]CF,,I), was chosen to facilitate measurement of the concentrations of the tracer in blood and tissues, and the tissue concentrations were measured by a quantitative autoradiographic technique which allowed precise localization in the various structural components of the brain (5, 9, 11, 15) . This radioactive gas appeared to satisfy the requirements of a tracer for use in the local blood flow technique, i.e., unrestricted diffusion through the blood-brain barrier, sufficient chemical stability-during the l-min period of measurement, and appropriate radioactive emissions for convenient assay in blood and autoradiography of frozen tissue sections. The method was used to determine the normal values for blood flow in a number of structural components of the conscious cat brain and to study the effects of barbiturate anesthesia and local cerebral blood flow (5, 11, 15 Animals. The experiments were carried out on normal adult male Sprague-Dawley rats weighing 300-410 g and normal cats weighing 2.8-4.0 kg. The animals were provided food and water ad libitum till the time of the experiment.
All the animils were prepared for the experiments by the insertion of polyethylene catheters into one femora 1 artery and vein under I.596 Fluothane anesthesia. In those animals used for the determination of the tissue:blood partition coefficient for iodo-I 'YJantipyr 'ine or I W Jantipyrine, the renal artery and vein, portal vein, h .epatic artery, and mesen teric artery were also ligated to minimize metabolic degradation of the tracer during the course of the experiment.
Following surgical preparation, the rats were immobilized by loose-fitting plaster casts, and the cats by means of sandbags which formed comfortable but rigid casts when connected to vacuum. Before the experimental procedures were carried out, 3-8 h were allowed for the animals to recover from anesthesia.
Arterial blood pH, Pco.,, PO,, hemoglobin concentration, hematocrit, and blood pressure were monitored to ersure that the animals used in the experiments were in a normal physiological state. Animals with any of these variables clearly beyond the normal range were excluded from the studies.
Measurement of f 'C cor2cm fration in blood. Iodol **'C lantipyrine and I '-IC lantipyrine concentrations in blood were always measured in timed samples of arterial blood. The blood samples were collected in drops from the free-flowing arterial catheter directly on filter paper disks (approximately 1 cm in diameter) which were placed in small plastic beakers. The beakers were immediately capped after the collection of blood. The beakers with the filter paper and caps had been weighed previously, and they were reweighed after the blood collection to obtain the weight of the blood collected on the filter paper. The blood samples were generally between 0.02 and 0.04 g. The volume of blood was calculated from the weight of the blood sample and an assumed specific gravity of 1.05 g/ml of blood. After the reweighing, the filter paper disks containing the blood samples were transferred to scintillation counter vials and suspended in 10 ml of phosphor solution (125 LOCAL CEREBRAL BLOOD FLOW H61 g naphthalene, 12 g PPO, and 0.3 g POPOP per liter of p-dioxane) and 1 ml of water. Twenty-four hours, including occasional periods of shaking, were allowed for complete elution of the labeled tracers from the blood into the phosphor sol ution. The blood remained fixed to the filte r paper, a .nd there was no apparent color in the phosphor solution. The samples were then counted in a Packard model no. 3375 liquid scintillation counter (Packard Instrument Co . , Downers Grove, Ill. ). The quantity of '% per sample was determined from the counting rate and a calibration factor, obtained from the i ncreme nt in cou nting rate foll owin g the addition of a known amount of calibrated v4c I toluene as an internal standard. The concentration of tracer in the blood sample was then calculated from the measured amount of blood.
of radioactivity and the volume of the sample Mc~asunmmt off 1 'Cl concentratiom irt local cerebral tissues. Local cerebral l-'C concentrations were measured by a modification of the quantitative autoradiographic technique described previously (13). At the selected time for the measurement of tissue concentrations the animal was decapitated, and the brain was rapidly dissected out and frozen in Freon-XII chilled to -60" to -75°C with liquid nitrogen. The frozen brain was then coated and mounted on a tissue holder with chilled embedding medium (Lipshaw Manufacturing Corp., Detroit), placed in a plastic bag, and stored at -70°C until sectioned. The frozen brain was cut into sections, 20 pm in thickness, by means of a microtome (American Optical Corp., Buffalo) in a cryostat maintained at -21" to -22°C. A series of three to four serial sections, taken every 0.3 mm throughout the brain, were used for autoradiography. Each of these sections was picked up on a glass cover slip, dried on a hot plate at 60°C for at least 5 min, and placed in an X-ray cassette. A set of [ llC Jmethylmethacrylate standards (AmershamSearle Corp.), which included a blank and eight standards with progressively increasing '% concentrations, was also placed in the cassette. These standards had previously been calibrated for their autoradiographic equivalence to "C concentrations in brain sections, 20 pm in thickness, prepared as described above. The lowest standard was autoradiographically equivalent to a brain tissue concentration of 134 nCi/g and the highest to 1,358 nCi/g. The method for the calibration of the standards has been described previously (13).
Autoradiographs of the brain sections and the plastic standards were prepared directly in the X-ray cassette with Kodak single-coated, blue-sensitive, medical Xray film, type SB-54 (Eastman Kodak Co., Rochester) (Fig. 1) . The exposure time was usually 5-6 days, and the exposed films were developed according to the instructions supplied with the film. A calibration curve relating optical density of the film and tissue l*C concentrations was determined for each film by densitometric measurement of the portions of the film representing the various standards. Local tissue "C concentrations were then determined from the calibration curve and the optical densities of the film in the regions representing the various cerebral structures. Densitometric measurements were made with a Photovolt model no. 520-A densitometer (Photovolt Corp., N. Y. C+) equipped with a 0.2-mm aperture. Anatomical identification of the individual cerebral structures was made according to published stereotaxic atlases of the rat (10) and cat (14) brain. Partition coefficienk of iodcl/ ' 'Cjantipyrine and ( l'C]antipyrine b&men nonpcJlar soluer~ts and water. The partition coefficients of iodol '-'C lantipyrine and 1 I% lantipyrine between relatively nonpolar solvents and water were compared with a variety of n-butanolchloroform mixtures ranging from 100% chloroform to lOi.% n -butanol. Water-saturated chloroform-butanol mixtures of various proportions were prepared, and 1 ml of each was mixed in test tubes with 1 ml of a solution of 1 l-'Clantipyrine or iodol llC Jantipyrine in water. A trace of copper sulfate was added to each mixture to identify the aqueous phase by its blue tinge. The mixtures were shaken and allowed to equilibrate for at least 1 h at room temperature. The mixt ures were then allow ed to separate into two phases, an aqueous phase and an organic phase, each of which was assayed for its lqC concentration by liquid scintillation counting. The partition coefficients were calculated from the ratios of the concentrations in the organic phase to those in the aqueous phase.
kkasu rm2er2t
of tissue:blmd partition The tissue:blood partition coefficients 1 I% lantipyrine and 1°C Jantipyrine were determined by measurement of the concentrations of the tracers in the tissues and in the blood after sufficient time had been allowed for them to achieve equilibrium. To minimize metabolic degradation of the tracers during the prolonged period required for equilibration, the liver and kidneys, in which their metabolism mainly occurs, were isolated from the circulation by ligation of the renal artery and vein, portal vein, and hepatic and mesenteric arteries. These vessels were ligated under 1.5% Fluothane anesthesia during the surgery for the insertion of the femoral arterial and venous catheters. The animals were then immobilized by loose-fitting plaster casts. Fifty microcuries of either iodo-[ ',C]antipyrine or 1 '-'C]antipyrine in 0.5 ml of normal saline were injected through the femoral venous catheter, and at least 2 h were allowed for brain-blood equilibration. At the end of that time a final arterial blood sample was drawn, the animal was decapitated, and the brain was quickly removed and frozen in the liquid nitrogen-chilled Freon-XII. The ratios of the concentrations of the tracers in the brain tissues to those of the fmal blood samples were determined bY for iodoeither of two methods.
In one meth .od, the blood concentration of iodo-1 l%]antipyrine or I I -I Cla ntipyrine was determined by liquid scintillation counting as described above. The frozen brain was cut longitudinally down the middle, and in one-half the local tissue concentrations were measured by the quantitative autoradiographic technique described above. The other half of the brain was weighed and homogenized by hand with a glass Ten Broeck homogenizer in several milliliters of 33% (volf vol) Triton X-100 in water. The total brain homogenate was then diluted with water to a final volume of 25 ml, and the brain concentration In the other method, applied to a different group of animals, a hole was drilled longitudinally through the frozen brain and filled with the final sample of blood, which froze quickly after introduction into the frozen brain. While still frozen, the brain with the blood in it was then sectioned into coronal sections of several millimeters' thickness to achieve infinite thickness for the radiation of 'YJ. These sections were then placed in X-ray cassettes lying in a bed of powdered dry ice, and autoradiographs were prepared from these sections with the exposure carried out at the temperature of dry ice. Tissue:blood partition coefficients were determined from the ratios of the densitometric measurements of the optical densities of the regions of the autoradiographs corresponding to the cerebral tissues and the blood.
Measurement of local cerebral blood flow. The procedure for the measurement of local cerebral blood flow was similar to those used previously (7, 131, including corrections for the lag and washout in the arterial catheter (5, 7, 13). In rats, approximately 50-60 E.cCi of iodo] 14C]antipyrine or I 14C]antipyrine in l-2 ml of normal saline were infused at a constant rate via the femoral venous catheter for a period of 1 min, during which timed arterial samples were collected on filter paper disks for assay of arterial concentration as described above. At exactly 1 min, the animal was decapitated, and the brain was removed, frozen, and assayed for j4C concentration by the autoradiographic technique, also as described above. In cats, the procedure was similar, except that approximately 150-300 @i of iodo [14C] antipyrine were infused during the 1-min period.
Local Figure 3B illustrates an autoradiograph of a section of brain in which equilibrated blood had been inserted before autoradiography.
The tracer was iodo [ Y] antipyrine, and it can be clearly seen that the concentration of tracer is greater in blood than in brain. From measurements of optical densities, the tissue:blood partition coefkient could be directly determined from the autoradiographs and was found to equal a mean (&SE) of 0.80 2 0.01 in four rats (Table I (Table 1) . The values of the tissue:blood partition coefficients used in the computations of local cerebral blood flow were, therefore, 0.80 and 0.91 for iodol 14C Jantipyrine and 1 VJantipyrine, respectively. Local cerebral blood flow in the normal conscious rat. The normal values for blood flow in 32 structural components of the normal conscious rat brain obtained with iodo[ '"Clantipyrine are presented in Table 2 and are compared with the values obtained in paired animals studied with I l-'C]antipyrine. The values obtained with 1 '-'C]antipyrine were significantly lower than those obtained with iodol Ylantipyrine in all structures, with the exception of one white structure, the corpus callosum, in which the perfusion rate is normally a .bout the lowest in the rat brain and therefore, probably not diffusion limited. The values for blood flow obtained with the two tracers were closely correlated, but those obtained with I *-'C]antipyrine consistently underestimated the normal level, particularly at the higher blood flow levels (Fig. 4A ) .
Local the 26 structures studied, only 5 showed significant differences at the P < 0.05 level, and of these the 4 0.91 0.91 to.004 10.007 0.6 <P < 0.7 26 8 gray structures exhibited higher and the 1 white structure, lower values with iodol 14Clantipyrine than with the gas (Table 3) . These are all relatively small structures, and the differences probably reflect their better defined autoradiographic representation and therefore more accurate densitometric measurement with the 'C-labeled than ':"I-labeled tracer. As in the rat, the values obtained with 1 I 'Clantipyrine in the cat were generally lower than those obtained with either iodo["CJantipyrine or 1 '~"I]CF,,I (Table 3 ). Figure 4B illustrates the very close correlation between the values for local cerebral blood flow in the normal conscious cat obtained with 1 ':"IIC!F,,I and iodol 'Clantipyrine in contrast to the consistent underestimation that occurs with 1 'Qantipyrine.
DISCUSSION
The most definitive method presently available for the determination of local cerebral blood flow is the autoradiographic technique based on the uptake of a chemically inert, diffusible, radioactive tracer into the various structures of the brain (5, 9, 11). As originally designed, the method employed the radioactive, inert gas '"'I-labeled trifluoroiodomethane as the tracer. The lack of commercial availability and the relatively short half-life of the tracer together with the technical difficulties associated with the assay of radioactive gases in blood and tissues, particularly by an autoradiographic procedure, precluded the general adoption and use of the method by workers other than those who originally developed it. In order to make it more generally useful, we modified the method for use with the longer lived, nonvolatile tracer [ YZ Jantipyrine (13), but subsequent experience with this tracer led to the recognition that its diffusibility through the blood-brain barrier was too restricted and its uptake by the cerebral tissues too diffusion limited for it to be a suitable tracer for the local blood flow technique (2, 4). Its use led to serious underestimation of local cerebral blood flow particularly in more highly perfused structures. As a consequence, the local blood flow technique has been of limited usefulness in spite of its fundamental theoretical validity. The present studies serve to resurrect the local blood flow method and reestablish it as a conveniently applicable and valid technique. They demonstrate that iodol *T]antipyrine, an analogue of 1 Y]antipyrine, has a sufficiently higher lipid solvent:water partition coeficient and greater diffusibility through the blood-brain barrier to be a suitable tracer for the local blood flow technique. Its use provides rates of local cerebral blood flow in the rat and cat similar to those obtained with the radioactive gas [Y]CF:,I
and considerably greater than those obtained with [IV lantipyrine. Like ['Clantipyrine, it is long-lived, commercially available, nonvolatile, and exhibits a tissue:blood partition coefficient that is uniform throughout the brain and essentially independent of the hematocrit. Also, like ['"Clantipyrine, iodo[ Wlantipyrine is metabolically degraded in the body at a rate too slow to be of any significance in the l-min period used for the measurement of local cerebral blood flow. Chromatographic analysis of blood samples taken 1 min after beginning the infusion of iodo [ ?lantipyrine revealed no evidence of significant contamination by any labeled component other than the iodo [l%] antipyrine in the blood. The present studies also provide the first reliable values for local cerebral blood flow in the rat. Previous measurements (1) were made with 1 Wlantipyrine, and the values were therefore erroneously low. Local blood flow appears to be markedly higher in all structures of the rat brain than in the cat. The high local rates of blood flow are consistent with the comparably high rates of local cerebral energy metabolism recently measured in the rat (16). The average rates of blood flow and oxygen consumption of the brain as a whole, measured with modifications of the Kety-Schmidt nitrous oxide technique, have also been found to be
